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Abstract 
The backscattered electron signal 
can be detected using a solid state 
detector system. Because this signal is 
affected by the surface topography it is 
necessary to determine the optimal 
detection condition for a registration 
mark detection in the electron-beam 
lithography and for an automatic topog-
raphical surface reconstruction. 
The BSE signal from surface marks 
has been measured using semiconductor 
detectors with a small collection angle. 
Calculations of the BSE signal have been 
carried out by means of a simplified 
model of electron backscattering. The 
signal shape depends on some parameters 
of the mark profile, such as length, 
height and inclination angle of mark 
facets. However the effect of the de-
tection angle on the BSE signal is more 
fundamental. 
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The backscattered electron (BSE) 
signal is one of the more important 
signals which are generated by the 
interaction of the electron beam with 
a solid tar1:1et. In the scanning electron 
microscope (SEM) the BSE signal is suit-
able for imaging and is used to mix 
images. Recently, the BSE signals have 
been applied also to an automatic topog-
raphical surface reconstruction (Lebie-
dzik, 1979; Carlsen, 1985). 
In the electron lithography (EBL) 
the BSE signal can be used as an 
alignment signal to detect a registra-
tion mark (Lin et al.,1982; Nozue and 
Iida,1986). It is due to a strong 
dependence of the BSE signal upon topog-
raphical features of the registration 
mark. The BSE signal depends also on 
the detection angle, the shape, and the 
subtended angle of the detectors (Reimer 
and Riepenhausen, 1985). Hence, the 
problem of optimal detection of the BSE 
signal is of great importance. This 
problem has been approached mainly by 
the use of Monte Carlo simulations based 
on a continuous slowin1:1-down approxi-
mation (CSDA) model (Aizaki, 1979; 
Stephani, 1979; Lin et al., 1980). 
In this paper, the alignment signal 
formed by the backscattered electrons 
from silicon registration marks are 
investigated by using a simple model of 
electron backscattering as well as 
experimental measurements. The applica-
bility of this model to such study is 
confirmed by comparing the fundamental 
characteristics of the SSE signal 
calculated theoretically with available 
experimental data. 
Experiment 
The BSE signals were obtained by 
scanning the electron beam across the 
registration marks and collecting back-
scattered electrons by the detectors 
mounted in the SEM Stereoscan 1B0. Each 








BSE signals from multiple triangular shaped bars: (a) profile of mark fabri-
by ion etching, (b) angle system: 9 - take-off angle, 4> - azimuthal 
(c) BSE signal obtained at a medium take-off angle 9 and at azimuthal 
cf> • 0, ( d) 4> ,. 7C , ( e) $ • 'Jt /2, ( f) it> = 31t/2. 
detector was a p-i-n junction diode of 
the area 0.1 mm2. Our microscope was 
equipped with six detectors mounted 
pairwise parallel and perpendicular to a 
scan line, with distances 12 and 19 mm 
above the specimen surface. Therefore, 
the backscattered electrons generated 
from registration marks with the azi-
muthal angles q> : 0, ':Jt/2, :n: and 3:11'/2 
were collected under small (2e 0 ), medium 
(390,580) and high (69°) take-off angles 
8. Measurements were carried out using a 
2 nA beam current and beam voltage of 
20 kV. The beam diameter was less than 
0.1..um. 
The marks of different shapes were 
fabricated on silicon surface by ion 
etching using argon ions and by chemical 
etching. The profiles of the registra-
tion marks obtained by these methods 
were investigated using the SEM. An 
example of the experimental results is 
presented in Fig.1. 
It seems obviously that the BSE 
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signals obtained from detectors placed 
perpendicular to a scan line (Fig.1 (e), 
(f)) show a smaller difference D.s 
between the maximum and the minimum of 
the signal and a worse signal-to-noise 
ratio than the BSE signals detected 
along a scan line (Fig.1(c),(d)). Since 
the marks are in reality two - dimensional 
their profiles along the y-axis for any 
x-value become straight lines. This has 
a fundamental effect on the surface 
distribution of backscattered electrons 
(Murata, 1974). 
So, the only interesting signals 
giving maximum information about the 
mark profiles are the BSE signals 
measured parallel to the scan line. The 
solid angles subtended by the used 
detectors were: 0 0 433x10-4 (49 • 2a
0 6, 0.423x10-4 {8m 390), 2.6ax10- (8 • 58) 
and 1.41x10- sr (9 • 69°). To compare 
the detected BSE signals they were 
normalized with respect to the BSE 
signals for 8 = 690. 









Fig.2. The sum of the BSE signals from two opposite detectors collecting 
signals from the V-shaped grooves of different depths. Dimensions are 
expressed in µm. 
Theoretical approach 
The phenomenon of the electron 
backscattering is mainly a multi - scat-
tering process which cannot yet be 
precisely described by any theory. 
Results best fitting the experimental 
data are those using the Monte-Carlo 
method (Shimizu et al.1976; Aizaki,1979; 
Reimer et al.,1986) or the transport 
equation (Fathers and Rez,1979). However 
the Monte-Carlo models are expensive in 
terms of computer time. Moreover. 
theories based on transport equation are 
very sensitive to the complicated 
boundary conditions. This sometimes 
makes the correct solution of a problem 
impossible. There are two ways to calcu-
late the BSE signal: the Monte-Carlo 
method or a simplified theoretical 
model. We decided to follow the latter 
one. Several simplified models have been 
described by Niedrig (1981). One of the 
most sophisticated is Niedrig's model, 
which combines two scattering concepts: 
a single scattering process and dif-
fusion. Niedrig has applied Everhar~s 
single scattering approximation to the 
electron backscattering. According to 
the Bothe theory (1933) he has assumed a 
continuous probability density of back-
scattering (in the target) over the 
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whole depth range. 
We have modified that part of 
Niedrig's model which determines the 
back-diffusion fraction of electrons 
from a thin layer dy at any depth. This 
modification has been carried out to 
obtain better agreement between the 
theoretical and experimental angular 
distributions of BSE for a flat surface. 
The backscattering fraction at depth y 
is expressed as follows 
d~(y,8.~) = (1-y)a+k- 1ekYdy 
a dQ 
• ( 4 ® + ky ) 211: ( 1) 
2cos 2 
where : y-reduced depth, y•x/R, 
R-Thomson-Whiddington range of electron~ 
Q - scattering angle measured to the 
direction of inci~ence, qi - azimuthal 
angle, a= 0.24•2 /A, Z - atomic number 
A - atomic mass {Everhart,1960) k - dif-
fusion coefficient. Expression (1) 
differs from Niedrig's one ((43) in 
Niedrig,1981) by the exponential term 
and the term ky in the brackets. Also 
the numerical calculation of coefficient 
k yields a different result although we 
followed Niedrig's procedure,e.g.k=1.817 
for Si against Niedrig's value of 0.45. 
The backscattering coefficients 'Y) ob-
tained by integration of expression (1) 
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Fig.3. Profile of multiple marks formed 
in silicon by chemical etching. 
are the same for both approaches. 
Calculations of the BSE signal from 
registration marks have been worked out 
with small additional modifications. 
Three effects have been taken into 
account, namely the shadowing, the 
border effect and amplification charac-
teristic of detectors. They have been 
described in detail in a previous paper 
(Kaczmarek et al., 1987). To compare 
experimental and theoretical BSE signals 
the latter have been calculated as a 
function of the backscattered electron 
energy. Next they have been integrated 
after multiplication with a rega i n 
factor over the whole energy range. 
Results 
One of our previous papers deals 
with the SSE signals from single marks 
(Czyzewski and Kaczmarek, 1986). In this 
paper both experimental and theoreti-
cally calculated BSE signals generated 
from multiple marks are presented. It 
seems that studies of the multiple marks 
are more complex and yield results which 
can be useful fore-beam lithography and 
also for the topographical surface re-
construction. 
The BSE sianal dependence on depth 
of the v-shape aroove. Analysis of the 
BSE signal depen ence on the mark depth 
has been carried out on the basis of sig-
nals presented in Figs.2 and 4 (mark 
no. 3). Fig.2 demonstrates the measured 
BSE sum signals obtained from two oppo-
site detectors. At small and medium 
take-off angles appears distinct minimum 
in the BSE signal. One can conclude that 
the BSE sum signals from the V-shaped 
marks, which are deeper than the 
electron penetration range, are inappro-
priate for the EBL as alignment signals. 
Fig.2 and Fig.4 (b), (d), (f) show,irre-
spective of the detection angle, that 
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the signals detected from the 4.0 and 
4.4µm deep marks are more broader 
than those collected from the 3.2 _,4Jm 
deep groove (Fig.2). Usually, the 
depth of a mark is considered besides 
the penetration range of electrons, e.g. 
the Bethe range Rs. Using the Monte 
Carlo method Lin et al. (1980, 1981 
and 1982) have calculated that for a 
given electron energy the best contrast 
can be obtained for depths greater than 
0.4 Rs, but less than R9 because of 
the flattenin~ and spreading of the BSE 
signal peaks (Lin et al.,1983). From our 
studies of the BSE signals it has been 
confirmed that a plateau also appears in 
the signals for depths smaller than R9 
(Figs.2 and 4). It seems to be desirable 
to determine the critical length LC of a 
facet from which signal is not flattened 
yet as a function of the primary elec-
tron energy or the electron penetration 
range R. This length is equal approxi-
mately to o.sR. For longer facet than Le 
a plateau in the SSE-signal should be 
visible. Value of the BSE signal plateau 
depends mainly upon the inclination 
angle of the mark facet. Width of the 
plateau is determined by the cosine of 
this inclination angle and the length of 
the facet part which forms the plateau. 
The facet length of the V-shaped regis-
tration marks should be less than Le for 
s given electron energy. Moreover, to 
enhance the shadowing effect the ver -
tical angle of the small area detector 
should be less than the inclination 
angle of the oblique mark facets. 
The BSE signal deTendence on width 
of the groove bottom.o study the BSE 
signal dependence on width of the groove 
bottom the multiple marks shown in Fig.3 
have been chosen. These marks have the 
same inclination of the facets. The 
widths of the bottoms are 3.5, 1.9 and 
0 µm respectively. Fig.4(a),(c),(e) show 
the measured BSE signals obtained from 
these grooves using solid-state detec-
tors placed at take-off angles 0 of 20°, 
39o and 590 respectively. The dotted 
lines show the BSE signals calculated 
from formula (1). In Fig.4 (b),(d),(f) 
the BSE sum signals from two opposite 
detectors are presented. The measurement 
conditions were the same for all marks. 
Hence, in Fig.4 common scale (35 mV) hss 
been chosen for all BSE signals. Fig.4 
confirms that the shapes of the BSE sig-
nals are closely connected with the 
groove geometry, but the difference b..s 
does not depend on the groove depths. 
Note, that the marks presented in Fig.3 
form rows of grooves and bars of similar 
dimensions. The widths of the groove 
bottom and the bar top are equal to 
3.Sµm. The BSE signals from the multiple 
groove marks, irrespective of the de-
tection angle, are approximately the 
upturned SSE signals detected from the 
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(Fig.3) obtained at 
detectors. (b), (d), 
detectors. 
and theoretical BSE signals from multiple 
different take-off angles 8, (a), (c), (e) 
marks 
- single 
opposite (f) the sum of the BSE signals from two 
multiple bar marks by opposite detector 
(see Fig.4). 
The BSE signals detected at low 
take-off angle 8 show greater difference 
~sand also greater contrast (Fig.4(a)) 
than at high angles. Moreover, the 
signals collected at high angles are 
more flattened. At low detection angles 
(8=28°) the differenceAs is about 2 to 
3 times greater than at high angles 
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(69°). For a case of the single small 
area detector the best detection 
conditions are when e < 30° and q> = o0 or 
¢ = 1t. Similar conclusion has been 
formulated by Lin et al.(1982). However, 
they have studied silicon tapered steps 
only. 
The shadowing effect can be reduced 
when the BSE signal is collected simul-
taneously by two identical opposite 
D.Kaczmarek and z.czyzewski 
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Fig.5. Theoretical BSE signals from 
Dimensions are expressed in µm. 
placed detectors. Figs.2 and 4 show that 
the shape of the sum signal at high 
take-off angle can be treated as the 
first approximation to the original mark 
shape. 
The BSE signal dependence on width 
of the bar top. The bar marks are rarely 
used In the EBL as the registration 
marks. However, a bar row can be treated 
as a groove row. Then a distance between 
two adjacent grooves is equal to a width 
of the bar top. A space between two 
adjacent V-shaped grooves should be 
considerably less than Le to avoid the 
signal flattening. As this space di-
minishes, the peak in the BSE signal 
becomes much sharper. 
Figs. 5 and 6 present calculated BSE 
signals from multiple bar marks. The 
marks have the same heights and incli-
nation angles of the facets. A quite 
good agreement with experimental data 
has been obtained using a simplified 
model, especially for the change in 
tendency of the BSE signals from 
multiple bars (see Kaczmarek and at al., 
1987). Therefore the theoretical results 
illustrate this brief discussion. Fig.5 
shows that bars with narrow top (almost 
triangular shape) yield distinct signal 
peaks. Similarly, equally sharp signal 
minimum one can observe at detection of 
the V-shaped groove. Note, that the 
plateau in the BSE signal from the wide 
top (right mark) becomes broader as the 
detection angle increases. The 
I 
I 




0 5 10 [µm] 
two bars of different top widths. 
1278 
differences As for the sum signal fro .m 
the almost triangular bar are about 1.8 
times greater than ones for the wide top 
bar (Fig.6). Such triangular bar and the 
sum signal detection from opposite 
detectors at small take-off angle should 
be very useful for the EBL technique. 
Conclusions 
The BSE signals from multiple sili-
con marks have been measured using sol-
id-state detectors and calculated by 
means of a simplified model of electron 
backscattering. Studies have been 
carried out for a small solid angle of 
collection. 
The greatest contrast has been 
obtained at small detection angles. The 
sum signal collected by two opposite 
detectors placed at high take-off angle 
can be treated as the first approxi-
mation to the original mark profile. 
For the EBL purposes two mark pro-
files should be preferred. First, the 
triangular bar and the BSE sum signal 
collected at small detection angles 
offer the best conditions for detecting 
the BSE registration signals. Second 
ranks the V-shaped groove. It has the 
additional and very important advantage, 
it can be simply created before the EBL 
processes. Deciding on this type of mark 
one should choose the appropriate 
lengths and inclination angles of the 
mark facets to obtain an optimal signal 
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Fig.6. The sum of the 
from the marks presented 
theoretical SSE signals 
in Fig. 5. 
for two opposite detectors 
contrast. 
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Discussion with Reviewers 




Why do you use p-i-n diodes 
electrons within a very 
angle for alignment mark 
Authors:Considerably greater solid-state 
detectors than ours are ordinarily used 
for the alignment procedure. We have 
$tudied ~he BSE signal s using also the 
p-i-n diodes with the active area 
and the subtended solid angle about 
300 times greater than presented here. 
The shapes of the BSE signals were very 
similar in both cases although the SSE 
signals were much easier detectable for 
greater detectors. We have used the 
small area diodes because of the strong 
dependence of the SSE signal upon the 
detection angle. We plan to work out a 
detection system for the topographical 
surface reconstruction in the SEM and 
studies presented here are necessary for 
this purpose. 
M. Brunner: You relate the positions of 
the detectors to the scan direction. 
Shouldn't the position of the detectors 
be related to the orientation of the 
mark? 
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Authors: Yes, we have assumed a priori 
that the scan direction is perpendicular 
to the mark lines in the x-y pl ane. 
H. Niedri~ 1 M. Brunner: Do the changes 
you intro uced to Niedrig's model still 
allow total backscattering coefficient 
analytically to be calculated? 
Authors: The total backscattering frac-
tion at depth y can be analytically ex-
pressed after integration of formula (1) 
over the solid angleQ. Next integration 
over the depth y, which gives the total 
backscattering coefficient cannot be 
performed analytically. 
M.G. Rosenfield: Please explain what you 
mean by the "regain factor" you use to 
compare simulation to experiment ? 
Authors: Measurements of the BSE signal 
were made using solid-state detectors 
with a strong dependence of gain on 
electron energy. Fig.7 shows the regain 
factor K, i.e. the current gain of the 
detector vs the primary electron energy. 
The current gain measurement was per-
formed during bombardment the detector 
by the electron beam and the factor K 
was calculated as a ratio of measured 
currents: Io - output current of the de-







5 10 15 ?O 25 30 L'o [kev] 
Fig.7. The current gain of the detector 
as a function of electron beam energy. 
r.c. Carlsen: Why are the peaks in the 
BSE signals of Fig.5 and 6 shifted with 
respect to the marks and why are they of 
an asymmetric shape? To what extent do 
these distortions depend on the energy 
of the prime electrons, the beam current 
the spotsize and the topography itself? 
Authors: Fig.5 presents the BSE signals 
detected by the single right-sided 
detector and therefore they are an asym-
metric in shape contrary to the signals 
shown in Fig.6, which were detected by 
two opposite detectors. Any asymmetry or 
a shifted peak in Fig.6 is drawing 
inaccuracy only. The shifts of the peaks 
Signal of backscattered electrons from multiple marks 
do exist indeed for asymmetrical detec-
tion of the BSE signal. The peak shift 
is a function of the take-off angle. As 
the take-off angle increases, the shift 
increases also. These shifts are almost 
independent of the beam current, but 
depend slightly upon the primary elec-
tron energy, the spotsize and the topog-
raphy. As the spotsize decreases, the 
shift increases insignificantly. Our 
next paper (Czyzewski and Kaczmarek, 
1988) will deal with these questions. 
Simple theory is sufficient for this 
qualitative discussion, although the 
shifts of the peaks in Fig.5 are some-
what too large. 
I.e. Carlsen: The peaks in Figs.5 and 6 
are not very sharp. To what extent does 
this effect limit the alignment proce-
dure? Does this depend on the energy of 
the prime electrons, and in case it 
does, what would be the optimal energy? 
Authors: The BSE signal collected by the 
single small area detector non-normal 
directed to the surface (Fig.5) is not 
suitable for the alignment procedure. 
The signal detected at small take-off 
angle from the almost triangular bars 
contains very sharp peaks. Such detec-
tion condition and marks with sharp 
corners should be preferred for the 
alignment procedure. Moreover, all peaks 
become somewhat sharper when the primary 
electron energy increases. We have 
calculated the BSE signals for the 
energy range up to 30 keV and this 
energy was optimal for most marks 
(Czyzewski and Kaczmarek, 1988). 
M.G. Rosenfield: Many of the results 
reported in this paper are similar to 
those published by Lin and Stephani. 
From a practical point of view the more 
interesting questions concern the effect 
of different resist coatings over 
different alignment marks. Do your 
calculation techniques allow these 
effects to be simulated? Do you plan to 
investigate these effects? 
Authors: Presented models allow these 
effects to be simulated. We plan to 
investigate them by means of the Monte 
Carlo method to obtain more detailed 
results. 
Additional Reference 
Czyzewski Z, Kaczmarek D 
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